Introduction
============

Advanced glycation end products (AGEs) are stable covalent, structurally diverse complexes that are formed when macromolecules, including proteins, lipids, and nucleic acids, undergo spontaneously non-enzymatic glycation with glucose and other reducing monosaccharides.[@b1-cia-9-1981],[@b2-cia-9-1981] AGEs formation is chemically irreversible, so that once formed, these compounds will accumulate in the tissues continuously. AGEs have been linked to a wide array of complications and diseases, and mediate their effects by binding to the specific cell-surface receptor for advanced glycation end products (RAGE). Upon interaction with RAGE, multiple signaling pathways are activated, which induce oxidative stress and inflammation, cytokine release, stimulation of the coagulation cascade, and increase in lipid metabolism, leading to a series of pathophysiological changes.[@b3-cia-9-1981]--[@b5-cia-9-1981]

RAGE is a member of the immunoglobin superfamily of cell surface receptors and is involved in immune response signaling. Soluble RAGE (sRAGE), a newly identified subtype of RAGE, is considered a truncated isoform of RAGE. Specifically, sRAGE is formed after undergoing proteolytic cleavage to remove the intracellular domain and is therefore incapable of inducing intracellular signal transduction. However, after binding with AGEs, sRAGE can inhibit interactions of AGEs with the full-length RAGE, thereby further reducing the RAGE-induced signal transduction pathway. Thus, sRAGE serves in a protective manner, antagonizing endogenous RAGE-mediated intracellular damage, and may be used as a biomarker to reflect pathological status in the body.[@b1-cia-9-1981],[@b3-cia-9-1981],[@b4-cia-9-1981],[@b6-cia-9-1981]

Recent studies have shown that sRAGE levels are elevated in patients with type 1 diabetes, type 2 diabetes, and diabetic nephropathy, but decreased in patients with coronary artery disease, atherosclerosis, hypertension, chronic obstructive pulmonary disease, heart failure, and hyperlipidemia.[@b7-cia-9-1981]--[@b11-cia-9-1981] Moreover, increased AGEs levels are reflected in higher expression of RAGE and sRAGE.[@b7-cia-9-1981]--[@b10-cia-9-1981] As a result of continuous stimulation by chronic hyperglycemia, AGE levels are significantly higher in diabetic patients, compared to normal controls. Chronic formation and accumulation of AGEs has been demonstrated to be an important factor in diabetic complications,[@b12-cia-9-1981] while increased sRAGE levels have a protective effect for diabetic conditions, including macrovascular complications.[@b8-cia-9-1981] Previous studies investigating sRAGE mainly focused on patients with chronic diabetes. However, it is still unclear whether there are any changes in AGE and sRAGE levels under the state of acute stress hyperglycemia.

Stress hyperglycemia is common in critically ill patients, and is associated with increased rates of morbidity and mortality among the patient population. Life-threatening situations cause an intense stress response combined with stress hyperglycemia, which induce severe oxidative stress injuries and inflammatory reactions, promoting serious substance and energy metabolic disorders. Thus, stress hyperglycemia is an important marker of metabolic disorders in critically ill patients. Increased severity of illness is associated with an increased stress reaction, resulting in higher incidence of stress hyperglycemia. Previous studies have reported the incidence of stress hyperglycemia ranging from 50% to 80% in intensive care units (ICUs).[@b13-cia-9-1981] Because hyperglycemia in the presence of oxidative stress and inflammation promotes glycoxidation of intracellular and extracellular proteins, AGEs continue to form and accumulate in the tissues.[@b14-cia-9-1981] We hypothesize that oxidative stress and inflammation in critically ill patients result in an increased production of AGEs, which may in turn lead to elevated expression of sRAGE. Therefore, this study was designed to measure serum AGEs and sRAGE levels in ICU patients, and make a comparison with levels in normal controls. In addition, we investigated the associations of sRAGE levels with specific clinical markers and mortality from the ICU to explore their potential correlations and clinical relevance.

Material and methods
====================

Study population
----------------

This observational study was carried out in a university-affiliated teaching hospital (Zhuhai hospital, Jinan university, Zhuhai, Guangdong, the People's Republic of China) with an ICU with a mixed medical--surgical closed-format setting with 15 beds. A total of 70 critically ill patients with hyperglycemia (43 men and 27 women; mean age 57.01±17.14 years admitted to the comprehensive ICU between January 2012 and July 2013 were included in this study. Study inclusion was based upon a minimum ICU stay of 3 days, receipt of an acute physiology and chronic health evaluation (APACHE-II) score higher than 15, age over 18 years, and no medical history of diabetes. Patients with brain death, end-stage chronic diseases, diabetes, or terminal cancer were excluded. A total of 25 healthy subjects (15 men and 10 women; mean age 55.41 (±10.42 years) who received a regular physical evaluation during the same period were enrolled as the control group. The controls were matched to the cases by sex and age as frequently as possible. The inclusion criteria for the normal controls were age 18 years or older and normal blood glucose levels (fasting plasma glucose \<6.0 mmol/L and 2-hour glucose in the oral glucose tolerance test \<7.8 mmol/L). The normal controls with liver and kidney dysfunction, cardiovascular disease, diabetes, or tumor were excluded. Signed informed consent was obtained from each subject who participated in this study. For patients who were not physically able to sign, their direct relatives or guardians signed the form with permission. The study was approved by the ethics committee of Zhujiang Hospital (Guangzhou, People's Republic of China).

Measurement of serum sRAGE, AGEs, and interleukin-6 serum levels
----------------------------------------------------------------

Fasting blood samples without anticoagulant were collected in the morning and within 24 hours after admission. The samples were prepared by centrifuging at 3,000 rev/min for 10 minutes, separating the serum, and then storing at −80°C prior to analysis. Serum levels of sRAGE, AGEs, and interleukin (IL)-6 were determined by enzyme-linked immunosorbent assay. The human sRAGE kits used in this study (R&D Systems, Inc., Minneapolis, MN, USA) had an inter-assay coefficient of variation \<10% and an intra-assay coefficient of variation \<4%. AGE and IL-6 levels were measured using human AGEs and IL-6 kits (CUSABIO, Wuhan, People's Republic of China), and were performed as previously described with each unit of AGEs corresponding to 2 μg of glyceraldehyde-derived AGE-bovine serum albumin as the standard.[@b15-cia-9-1981]

Measurement of other clinical markers
-------------------------------------

Serum creatinine, C-reactive protein, and other biochemical markers were measured by the Hitachi 7,600 automatic biochemical analyzer (Hitachi Ltd., Tokyo, Japan). Rapid blood glucose levels were detected by a blood glucose meter and blood glucose test strips (Roche, Basel, Switzerland). Glycated hemoglobin (HbA~1c~) was measured by high-performance liquid chromatography using an automated glycated hemoglobin analyzer (Tosoh, Yamaguchi, Japan), with the normal reference range of 4.2%--6.2%. In addition to these biochemical markers, patients' APACHE-II scores and sequential organ failure assessment (SOFA) scores were measured and recorded within 24 hours of arrival in the ICU as well as 28-day mortality. Patients were then screened for stress hyperglycemia upon arrival as defined by no history of diabetes and fasting blood glucose \>6.9 mmol/L or random blood glucose \>11.1 mmol/L, and HbA~1c~\<6.5%.[@b16-cia-9-1981]

Statistical analysis
--------------------

All statistical analyses were performed using the SPSS 16.0 statistical software (SPSS Inc, Chicago, IL, USA). *P*-values less than 0.05 were considered statistically significant. The results are expressed as mean and standard deviation (mean ± standard deviation), and independent samples *t*-test were used for between-group comparisons. To investigate the relationships between sRAGE and other clinical markers, Pearson's correlation analyses and multiple linear regression analyses were performed. Risk factors for prognosis such as 28-day mortality were analyzed using logistic regression analysis.

Results
=======

Clinical data of critically ill patients
----------------------------------------

Among the 70 patients included in the study, the average APACHE-II score was 25.30±5.75 and the average ICU duration was 14.74±6.62 days. A total of 18 patients died, giving a mortality rate of 25.71% ([Table 1](#t1-cia-9-1981){ref-type="table"}).

Comparison of serum AGEs and sRAGE levels between critically ill patients and normal controls
---------------------------------------------------------------------------------------------

As shown in [Figures 1](#f1-cia-9-1981){ref-type="fig"} and [2](#f2-cia-9-1981){ref-type="fig"}, serum AGEs and sRAGE levels in critically ill patients were significantly higher than those found in the normal controls (13.85±3.63 U/mL versus 8.44±1.56 U/mL and 1.63±0.53 ng/mL versus 0.88±0.25 ng/mL, respectively; both *P*=0.000).

Correlations between sRAGE and other clinical markers in critically ill patients
--------------------------------------------------------------------------------

Serum creatinine, IL-6, ICU duration, AGEs, and SOFA score were significantly correlated with sRAGE levels, among which AGEs levels (*r*=0.558, *P*=0.000) were most strongly correlated with sRAGE levels ([Table 2](#t2-cia-9-1981){ref-type="table"}). Multiple linear regression analysis carried out with the above-mentioned factors set as the confounding variables indicated that only the AGEs (*P*=0.000) and SOFA score (*P*=0.000) were significantly associated with higher sRAGE levels ([Table 3](#t3-cia-9-1981){ref-type="table"}).

Association of sRAGE levels and clinical markers with prognosis
---------------------------------------------------------------

Logistic regression analysis indicated that patient 28-day mortality rate was significantly correlated with glucose levels (odds ratio =2.934, *P*=0.024) and APACHE-II score (odds ratio =1.466, *P*=0.038). Other clinical markers, such as AGEs and sRAGE, were not shown to be influential in patient prognosis (both *P*\>0.05; [Table 4](#t4-cia-9-1981){ref-type="table"}).

Discussion
==========

Findings from this study reveal that on admission to ICU, critically ill patients with hyperglycemia display elevated circulating levels of AGEs and sRAGE. More important, the AGEs level was significantly and positively correlated with sRAGE after adjustment of other factors, suggesting the rise in plasma sRAGE levels may contribute to the accumulated AGE levels in critically ill patients. Previous clinical studies have found similar correlations between sRAGE and AGE expression levels. In patients with type 2 diabetes, serum sRAGE was correlated with serum AGEs.[@b17-cia-9-1981] In patients without diabetes, Yamagishi et al found that sRAGE levels were associated with body mass index, alcohol intake, waist circumference, and AGEs. In addition, the association between serum sRAGE and AGEs remained statistically significant after adjustment of other factors.[@b18-cia-9-1981]

Several studies investigating sRAGE levels in critically ill patients have been performed in recent years. A previous study examined serum sRAGE levels in 33 patients with community-acquired pneumonia and sepsis and performed analyses with APACHE-II and SOFA scores. Serum sRAGE levels were significantly higher among these ill patients and were a predictor of disease prognosis.[@b19-cia-9-1981] In patients with acute lung injury, plasma sRAGE is related to the severity and poor prognosis of lung injury.[@b20-cia-9-1981] Similarly, in patients recovering from lung transplantation, higher plasma sRAGE levels were related to prolonged ICU stay and poorer outcomes.[@b21-cia-9-1981] Other studies have demonstrated that in critically ill patients with sepsis, sRAGE levels increased within 24 hours of admission to the ICU, and this increase was more substantial in patients who died later, suggesting a link between sRAGE levels and mortality.[@b22-cia-9-1981] It was also observed that sRAGE levels were positively correlated with high mobility group box 1 expression, which is a RAGE ligand released from activated immune cells.[@b20-cia-9-1981] In addition, Arabi et al found that sRAGE levels were not only significantly increased in critically ill patients without diabetes but also correlated with serum creatinine, IL-6, and high mobility group box 1 levels, although none of these factors independently predicted the 28-day prognosis.[@b23-cia-9-1981] Collectively, these findings are consistent with the observations in the present study. However, our results do not reflect a significant association between sRAGE levels and mortality, which might be due to differences in case distributions and mortality rates between different study centers. AGEs levels and SOFA scores were still positively associated with sRAGE, independent of other clinical factors. Taken together, these results suggest that sRAGE levels may not fully reflect the actual accumulation of AGEs. Further investigations with a larger patient population and different subtypes of critical diseases are warranted to confirm the findings and to explore the correlations between sRAGE and other biomarkers.

AGEs accumulation may be a cause and a consequence of oxidative stress and inflammation. In critically ill patients with stress hyperglycemia, high blood glucose levels can stimulate the formation and accumulation of AGEs, and in turn, induce oxidative stress and inflammatory pathways, which may further stimulate AGEs production, leading to a continuous cycle and serious pathological changes. Other clinical studies have already found increased AGEs accumulation in patients with vascular disease and diabetic complications.[@b23-cia-9-1981]--[@b27-cia-9-1981] Epidemiologic studies have linked circulating AGEs levels to markers of inflammation, endothelial dysfunction, and diabetic vascular complications.[@b10-cia-9-1981],[@b24-cia-9-1981],[@b25-cia-9-1981] Miura et al observed that endogenous secretory RAGE levels were positively correlated to specific types of AGEs in patients with type 1 diabetes.[@b26-cia-9-1981] In addition, one study has shown that AGEs levels may predict the patient outcome of women diagnosed with type 2 diabetes, indicating that circulating AGEs may be used as a biomarker for long-term prognosis in diabetic and vascular complications.[@b27-cia-9-1981] Greven et al observed acute accumulation of AGEs in non-diabetic critically ill patients in ICU, but AGEs levels did not correlate to APACHE-II score, ICU duration, or mortality.[@b28-cia-9-1981] In this study, we examined the relationship between IL-6, an inflammatory marker, and sRAGE. We found a significant correlation using the Pearson's correlation analysis, but there was no significant association between the two data sets after adjustment of other clinical factors. HbA~1c~ is one of several early glycation products and is a biomarker of blood glucose levels.[@b29-cia-9-1981] In our study, we did not find a significant relationship between sRAGE and HbA~1c~, which might be due to different mechanisms on how HbA~1c~ and AGEs are glycated and processed.

There were several limitations of this study. First, the study was conducted in a single center with relatively small sample size. Therefore, the generalizability of our findings needs further evaluation. However, this reduces possible variations between study centers, which was a common issue in multicenter studies.[@b30-cia-9-1981] Second, critically ill patients were enrolled from a heterogeneous population. In this study, our cases covered several different and common types of critical illnesses found in the ICU. Although we excluded diabetic patients, some cardiovascular and/or renal morbidity of these patients may have still in part affected the sRAGE levels. Third, we did not investigate esRAGE, another splice variant secretory RAGE receptor, which accounts for only 20% of the sRAGE levels[@b3-cia-9-1981] in adults. In addition, this study did not take into account the factors that could affect AGEs accumulation and sRAGE expression, such as patient conditions and diet influence.[@b31-cia-9-1981]

Conclusion
==========

In summary, we found that serum levels of sRAGE are elevated in critically ill patients with stress hyperglycemia, and the elevated sRAGE might be associated with increased accumulation of AGEs. These observations suggest that serum sRAGE levels are not an independent predictor of 28-day mortality in critically ill patients. Further studies are needed to confirm the clinical significance of the AGEs--RAGE--sRAGE axes in critically ill patients.

The authors regret to inform about the passing of Dr Cai prior to publication. The authors are grateful to Dr Cai for his expert assistance in preparation of this manuscript.
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###### 

Baseline characteristics and outcome of patients admitted in the ICU

  Characteristics            ICU patients
  -------------------------- ---------------
  N                          70
  Age, years                 57.01±17.14
  Sex (% male)               43.00 (61.42)
  APACHE-II score            25.30±5.75
  SOFA score                 12.87±2.87
  AGEs, U/mL                 13.85±3.63
  sRAGE, ng/mL               1.63±0.53
  IL-6, pg/mL                75.84±35.27
  Glucose, mmol/L            12.24±2.41
  HbA~1c~, %                 5.59±0.64
  C-reactive protein, mg/L   91.26±42.04
  Creatinine, μmol/L         151.66±85.09
  ICU acquired sepsis, %     32.00 (45.71)
  ICU duration, days         14.74±6.62
  ICU mortality, %           18.00 (25.71)

**Notes:** Values are mean ± standard deviation for continuous variables and number (%) for categorical variables.

**Abbreviations:** AGEs, advanced glycation end products; APACHE, acute physiologic score and chronic health evaluation; HbA~1c~, glycated hemoglobin; ICU, intensive care unit; IL-6, interleukin-6; SOFA, sequential organ failure assessment; sRAGE, soluble receptor for advanced glycation end products.

###### 

Correlations between sRAGE levels and other clinical markers among critically ill patients

  Variables            *R*      *P*-value
  -------------------- -------- -----------
  AGEs                 0.558    0.000
  Creatinine           0.250    0.018
  HBA~1c~              0.074    0.271
  APACHE-II score      0.075    0.267
  SOFA score           0.324    0.003
  Glucose              −0.048   0.348
  C-reactive protein   0.068    0.289
  IL-6                 0.273    0.011
  ICU duration         0.292    0.007
  Age                  −0.007   0.478
  Sex                  −0.055   0.325

**Abbreviations:** AGEs, advanced glycation end products; APACHE, acute physiologic score and chronic health evaluation; HbA~1c~, glycated hemoglobin; ICU, intensive care unit; IL-6, interleukin-6; SOFA, sequential organ failure assessment; sRAGE, soluble receptor for advanced glycation end products.

###### 

Association between clinical markers and sRAGE levels among critically ill patients using multiple stepwise linear regression analysis

  Variables      *β*     SE      *P*-value
  -------------- ------- ------- -----------
  AGEs           0.558   0.015   0.000
  Creatinine     0.115   0.001   0.381
  SOFA score     0.416   0.033   0.022
  IL-6           0.105   0.002   0.357
  ICU duration   0.217   0.009   0.070

**Note:** *β* indicates the standardized regression coefficient.

**Abbreviations:** AGEs, advanced glycation end products; ICU, intensive care unit; IL-6, interleukin-6; SOFA, sequential organ failure assessment; SE, standard error; sRAGE, soluble receptor for advanced glycation end products.

###### 

Association of sRAGE levels and clinical markers with prognosis in critically ill patients

  Variables         OR      95% CI         *P*-value
  ----------------- ------- -------------- -----------
  APACHE-II score   1.466   1.021--2.106   0.038
  Glucose           2.834   1.148--6.997   0.024
  sRAGE             0.070   0.001--5.002   0.222
  AGEs              2.086   0.527--8.247   0.295

**Abbreviations:** AGEs, advanced glycation end products; APACHE, acute physiologic score and chronic health evaluation; CI, confidence interval; OR, odds ratio; sRAGE, soluble receptor for advanced glycation end products.

[^1]: †Dehong Cai passed away on April 19, 2014
